1. Introduction {#s1}
===============

Congenital left ventricular aneurysms (LVA) and diverticula (LVD) are rare findings particularly when first diagnosed in the adulthood. They can be seen in all chambers of the heart, most frequently in the left ventricle and only occasionally in the right ventricle or in both ventricles (numerical ratio approximately 8:1:1).[@b1] LVA look very similar to acquired aneurysms with a wide connection to the left ventricle (ratio of the connection to the body of the anomaly \> 1).[@b2],[@b3] In contrast LVD is characterized by a finger or hook like appendix emerging from the wall of the left ventricle, contracting in synchrony with the corresponding chamber.[@b2],[@b3] The ratio of the connection to the left ventricular cavity compared with the maximum diameter of the body of the anomaly is \< 1 ([Figure 1](#jgc-14-12-750-g001){ref-type="fig"}).

![Schematic depicting.\
Schematic depicting left ventricular aneurysm (A) and left ventricular diverticulum (B) in diastole (left panel) and corresponding structural deformation during systole (right panel).](jgc-14-12-750-g001){#jgc-14-12-750-g001}

Depending on the amount of myocardial fibers involved, aneurysms can be a- or dyskinetic or show an almost normal contractility with complete emptying in the systole with all ranges of contractility in between.[@b2],[@b3] The dimensions of the described diverticula or aneurysms ranges from 0.5 cm of diameter up to a size of 8 x 9 cm.[@b2],[@b4] Most frequently, location of LVA is the LV-apex (28%) and the perivalvular area (close to the mitral valve \[= sub-mitral\]; 49%) and LVD are found at the LV-apex (57%).[@b5],[@b6] Other locations include the infero-septal, antero-lateral, postero-lateral and postero-basal wall or multiple locations.[@b5],[@b6]

2. Epidemiology and classification {#s2}
==================================

Reliable data from prospective studies regarding the epidemiology of LVA/LVD are not available. A retrospective echocardiographic study described 16 LVA/LVD out of 43,000 consecutive adult patients, resulting in a prevalence of 0.04%.[@b7] However, this rather low prevalence might be attributed to the fact that echocardiography underestimate the true number of LVA/LVD due to difficult visualization of the left ventricular apex, the location of almost 60% of all LVD. Another study on 12,924 consecutive autopsies in children found 750 cases with congenital cardiac defects (5.8%), and the diagnosis of a LVD was made in 3 cases (prevalence of 0.02%).[@b8] A more recent publication demonstrated a prevalence of 0.76% in 12,271 consecutive adult patients undergoing coronary angiography.[@b5] 809 cases of congenital left ventricular aneurysm or diverticulum are reported in the literature until the year 2012 (354 LVA, 453 LVD),[@b6] which were mostly diagnosed in childhood. These malformations were initially described in 1816 (Germany) and 1837 (England).[@b9],[@b10] First reports of an operative resection of a left ventricular diverticulum date from the year 1912.[@b11] The first successful resection of an apical left ventricular diverticulum in a newborn child[@b12] was documented in 1944.

A uniform classification system to compare the clinical presentation, morphology, treatment and prognosis would be desirable, but has not been established yet.

Logen, *et al*.[@b13] suggested two groups: Group 1 describes cases, in which the diverticulum reaches below the diaphragm and is palpable as a pulsating mass in the area of the anterior abdominal wall (usually diagnosed in childhood); Group 2 includes forms which remain above the diaphragm.

Another classification system[@b14] contains four groups: left ventricular aneurysm; left ventricular diverticulum; intra-abdominal; apical diverticula with "midline defects" (see below); intra-thoracal; diverticula without midline defects.

A more recent publication proposed a new classification system, integrating many types of left ventricular outpouchings (LVO) \[LVO: accessory LV, LVA, LVD, left ventricular accessory chamber, and double-chambered LV (DCLV)\]. Depending on the normal elliptical shape of the LV, the wall thickness, and the regional wall motion of the LVO the lesions are classified into DCLV, LVO Type I and Type II. Type II is further sub-classified into Type IIa, IIb, and IIc.[@b15]

3. Embryogenic and genetic hypotheses {#s3}
=====================================

The development of LVA/LVD begins as early as the 4^th^ embryonic week.[@b6],[@b16] They form within the endocardial tube and develop initially at the expense of the cardiac jelly. Later they increase the ventricular volume by penetrating the myocardium and inserting additional intertrabecular spaces.[@b6],[@b16] The development of a congenital diverticulum can be explained by a partial stop in the development of the embryonic ventricle at this stage.[@b4],[@b16] Between the 14^th^ and 18^th^ day of the embryonic life, failure of the differentiation of the primitive intra-embryonic mesoderm into its splanchnic and somatic layers occurs.[@b17],[@b18],[@b19] This explains the frequent location of the LVD at the left ventricular apex and some of the accompanying abdominal wall defects.[@b20],[@b21]

More recently England, *et al*.[@b22] demonstrated that morpholino treatment of TNNT2 \[a gene encoding cardiac troponin T (cTNT)\] in chicken embryos resulted in development of LVD and abnormal atrial and ventricular septal growth.[@b22] The effect of cTNT knockdown on nitric oxide synthase 3 (NOS3, the shear stress responsive gene) and T-box transcription factor 3 (TBX3, the conduction gene) was also demonstrated in this study.[@b22] These findings suggests a novel role for mutations of structural sarcomeric proteins in the development of LVD and can explain the frequent association with atrial septal defect (ASD), ventricular septal defect (VSD), and ECG-abnormalities.[@b6],[@b23],[@b24]

4. Association with other abnormalities {#s4}
=======================================

Congenital left ventricular aneurysms and diverticula were associated with numerous other congenital anomalies, including those of the heart itself, or those of vascular or extra-cardiac structures.[@b2],[@b3],[@b6] Interestingly, the prevalence of associated cardiac and/or vascular (34% versus 11%) and extra-cardiac (33% versus 3%) anomalies was significantly higher in LVD patients. These findings suggests a different etiology and pathogenesis for LVA or LVD during the embryonic development.[@b6]

The most frequent associated cardiac abnormalities were in descending order ventricular septal defect, coronary anomalies, and atrial septal defect.[@b6]

Case reports point out numerous further associations of malformations with congenital left ventricular aneurysm and diverticulum ([Table 1](#jgc-14-12-750-t01){ref-type="table"}). Due to a change in the geometry of the aortic or mitral annulus, left ventricular aneurysms or diverticula of the sub-valvular area are very frequently associated with aortic/mitral regurgitation, occasionally in combination with mitral valve prolapse (frequently of the posterior mitral leaflet).

###### Associated cardiac and vascular anomalies in patients with LVA/LVD.

                                                             LVA           LVD
  ------------------------------------------------------ ------------ -------------
  Cardiac anomalies                                       87 (100%)    308 (100%)
   Aortic valve                                           9 (10.3%)     12 (3.9%)
    Bicuspid valve                                         5 (5.8%)      6 (2%)
    Sub-valvular stenosis                                  2 (2.3%)      3 (1%)
    Valvular stenosis                                      2 (2.3%)      3 (1%)
   Mitral valve                                           12 (13.8%)    9 (2.9%)
    Aberrant/missing papillary muscles                     5 (5.8%)      3 (1%)
    Mitral valve prolapse                                  2 (2.3%)     2 (\< 1%)
    Mitral cleft                                           4 (4.6%)      0 (0%)
    Mitral stenosis                                         0 (0%)       3 (1%)
    Dysplastic mitral valve                                1 (1.2%)      0 (0%)
    Double-orifice mitral valve                             0 (0%)      1 (\< 1%)
   Pulmonary valve                                         3 (3.5%)     27 (8.8%)
    Valvular pulmonary stenosis                            3 (3.5%)     23 (7.5%)
    Sub-valvular pulmonary stenosis                         0 (0%)       3 (1%)
    Bicuspid pulmonary valve                                0 (0%)      1 (\< 1%)
   Tricuspid valve                                         2 (2.3%)      6 (2%)
    Tricuspid atresia                                       0 (0%)      5 (1.6%)
    Tricuspid dysplasia                                    2 (2.3%)      0 (0%)
    Tricuspid stenosis                                      0 (0%)      1 (\< 1%)
   Anomalies with intra-cardiac shunting                  26 (29.9%)   127 (41.2%)
    Ventricular septal defect                             10 (11.5%)   68 (22.1%)
    Atrial septal defect                                   8 (9.2%)     25 (8.1%)
    Tetralogy of Fallot                                    3 (3.5%)     15 (4.9%)
    Patent ductus arteriosus                               4 (4.6%)     11 (3.6%)
    Pentalogy of Fallot                                     0 (0%)      4 (1.3%)
    Persistent foramen ovale                               1 (1.2%)      3 (1%)
    Unroofed coronary sinus                                 0 (0%)      1 (\< 1%)
   Miscellaneous cardiac anomalies                        35 (40.2%)   127 (41.2%)
    Coronary anomalies                                    31 (35.6%)   39 (12.7%)
    Cardiac dextrorotation/-position                       1 (1.2%)    51 (16.6%)
    Pericardial defect                                      0 (0%)      21 (6.8%)
    Hypoplasia of the right ventricle                      2 (2.3%)      3 (1%)
    Divided atrium                                          0 (0%)       3 (1%)
    Double-outlet right ventricle                           0 (0%)       3 (1%)
    Mesocardium                                             0 (0%)      2 (\< 1%)
    Ectopia cordis                                          0 (0%)      2 (\< 1%)
    Intra-pericardial cyst                                  0 (0%)      1 (\< 1%)
    Atrioventricular canal                                 1 (1.2%)      0 (0%)
    Endocardial cushion defect                              0 (0%)      1 (\< 1%)
    Sinusoidal channels between LV and coronary sinus       0 (0%)      1 (\< 1%)
   Vascular anomalies                                     10 (100%)     39 (100%)
    Coarctation of the aorta                               4 (40%)      7 (17.9%)
    Persistent left superior vena cava                     1 (10%)      8 (20.5%)
    Hypoplasia of pulmonary artery                         1 (10%)      5 (12.8%)
    Anomalous course of the ascending aorta                 0 (0%)      4 (10.3%)
    Partial anomalous pulmonary venous return               0 (0%)      2 (5.1%)
    Hypoplasia of the aorta                                 0 (0%)      2 (5.1%)
    Transposition of the great arteries                     0 (0%)      2 (5.1%)
    Absence of the brachiocephalic trunk                    0 (0%)      2 (5.1%)
    Atresia of pulmonary artery                            2 (20%)       0 (0%)
    Occlusion of the left superior vena cava                0 (0%)      2 (5.1%)
    Atresia of the internal carotid artery                 2 (20%)       0 (0%)
    Single pulmonary artery                                 0 (0%)      1 (2.6%)
    Left carotid artery from the brachiocephalic trunk      0 (0%)      1 (2.6%)
    Right subclavian artery from the descending aorta       0 (0%)      1 (2.6%)
    Absence of the right subclavian artery                  0 (0%)      1 (2.6%)
    Sinus of Valsalva aneurysm                              0 (0%)      1 (2.6%)

LVA: left ventricular aneurysms; LVD: left ventricular diverticula.

Frequent vascular abnormalities included aortic coarctation, persistent left superior vena cava, and hypoplasia of the pulmonary artery.[@b6] ([Table 1](#jgc-14-12-750-t01){ref-type="table"})

Extra-cardiac anomalies were frequently encountered in LVD patients and are only occasionally observed in LVA patients.[@b6] The most frequent extra-cardiac anomalies in LVD patients included alterations of the thoraco-abdominal wall (summarized as "midline defects") such as diaphragmatic defects, umbilical hernias or omphalocele, and abnormalities of the caudal sternum. ([Table 2](#jgc-14-12-750-t02){ref-type="table"})

###### Associated non-cardiac/non-vascular anomalies in patients with LVA/LVD.

                                                       LVA           LVD
  ------------------------------------------------ ------------ -------------
  Non-cardiac/non-vascular anomalies                21 (100%)    251 (100%)
   Cranial anomalies                                3 (14.3%)      15 (6%)
    Cranio-facial dysmorphism                         0 (0%)      2 (\< 1%)
    Cleft palate                                      0 (0%)      2 (\< 1%)
    Aplasia of the os frontale and parietale          0 (0%)      1 (\< 1%)
    Agenesis of the eyes and nose                     0 (0%)      1 (\< 1%)
    Transverse facial cleft                           0 (0%)      1 (\< 1%)
    Hypoplasia of the tongue and mandibular arch      0 (0%)      1 (\< 1%)
    Mono-ventricular brain                            0 (0%)      1 (\< 1%)
    Hypoplasia of the cerebellum                      0 (0%)      1 (\< 1%)
    Agenesis of the corpus callosum                   0 (0%)      1 (\< 1%)
    Tuberous sclerosis                                0 (0%)      1 (\< 1%)
    High arched palate                                0 (0%)      1 (\< 1%)
    Anencephaly                                       0 (0%)      1 (\< 1%)
    Cleft lip                                         0 (0%)      1 (\< 1%)
    Encephalocele                                    1 (4.8%)      0 (0%)
    Hydrocephalus                                    1 (4.8%)      0 (0%)
    Malformation of the external ear                 1 (4.8%)      0 (0%)
   Thoracic anomalies                                2 (9.5%)    47 (18.7%)
    Sternal defect                                   2 (9.5%)    38 (15.1%)
    Chest deformity                                   0 (0%)       5 (2%)
    Thoracic wall defect                              0 (0%)      2 (\< 1%)
    Dysplastic nipple                                 0 (0%)      1 (\< 1%)
    Lung dysplasia                                    0 (0%)      1 (\< 1%)
   Abdominal anomalies                              10 (47.6%)   182 (72.5%)
    Diaphragmatic defect                            4 (19.1%)    58 (23.1%)
    Omphalocele                                       0 (0%)     39 (15.5%)
    Abdominal defect                                 2 (9.5%)    35 (13.9%)
    Umbilical hernia                                 1 (4.8%)    28 (11.2%)
    Separation of the straight abdominal muscles     1 (4.8%)     14 (5.6%)
    Pyloric stenosis                                 1 (4.8%)     2 (\< 1%)
    Obstruction of the utero-pelvic junction         1 (4.8%)     1 (\< 1%)
    Ectopic umbilicus                                 0 (0%)      1 (\< 1%)
    Fibrolipoma of the kidney                         0 (0%)      1 (\< 1%)
    Transposition of the colon                        0 (0%)      1 (\< 1%)
    Ectopic cardiac tissue in the abdominal wall      0 (0%)      1 (\< 1%)
    Diaphragmatic diverticulum                        0 (0%)      1 (\< 1%)
   Miscellaneous anomalies                          6 (28.6%)     7 (2.8%)
    Scoliosis                                        2 (9.5%)     1 (\< 1%)
    Polydaktylie                                      0 (0%)      2 (\< 1%)
    Marfan syndrome                                  2 (9.5%)      0 (0%)
    Syndactylia                                       0 (0%)      1 (\< 1%)
    Tibial aplasia                                    0 (0%)      1 (\< 1%)
    Hip dysplasia                                     0 (0%)      1 (\< 1%)
    Skeletal malformations                            0 (0%)      1 (\< 1%)
    Niemann-Pick disease Type B                      1 (4.8%)      0 (0%)
    Neurofibromatosis                                1 (4.8%)      0 (0%)

LVA: left ventricular aneurysms; LVD: left ventricular diverticula.

5. Clinical presentation {#s5}
========================

LVA were more frequently reported from Africa and America, whereas LVD were more frequently reported from Asia and Europe.[@b6] Until 1950 only 24 patients with LVA/LVD were published, in the year 2000 the literature comprised already of 393 patients. Since then there were approximately 25 new LVA/LVD patients published per year ([Figure 2](#jgc-14-12-750-g002){ref-type="fig"}).[@b6] No gender predominance was described in the literature (male gender: LVA 51.7%; LVD 51.4).[@b6]

![Cumulative number of publications on patients with LVA/LVD over a period of two centuries.\
LVA: left ventricular aneurysms; LVD: left ventricular diverticula.](jgc-14-12-750-g002){#jgc-14-12-750-g002}

Congenital left ventricular aneurysms or diverticula are often asymptomatic and usually found coincidentally during diagnostic procedures performed for other reasons. This may explain the late diagnosis of, on average, 31.5 years (LVA) and 29.7 (LVD) years.[@b6] The most frequent clinical presentation in symptomatic patients include arrhythmias, embolic events, rupture of the LVA/LVD, and congestive heart failure.[@b6]

5.1. Arrhythmias {#s5a}
----------------

The spectrum of ventricular arrhythmias is ranging from occasional ventricular premature beats to sudden cardiac death.[@b2] The incidence of ventricular tachyarrhythmic events at presentation was significantly higher in LVA patients compared to LVD patients (18.4% versus 9.9%).[@b6] However, the incidence of syncope did not differ between both groups.[@b6] The association of LVA/LVD and ventricular arrhythmias was reported in several publications.[@b25]--[@b28] The initial case reported in 1971[@b25] was a 26-year-old female with an apical LVA who had recurrent ventricular tachycardias (VT). Recently, a series of 32 patients with LVA or LVD with a history of VT, survived sudden cardiac death (SCD), and/or syncope including patients undergoing implantable cardioverter defibrillator (ICD) implantation or ablation of the clinical ventricular arrhythmia.[@b28] The majority of these patients had VT morphologies corresponding to the anatomical location of the LVA/LVD. Reproducible inducibility of the monomorphic VT during electrophysiologic testing suggests re-entry as the underlying mechanism of these arrhythmias.[@b28] Among those patients with syncopal spells or palpitations more than 90% of the documented arrhythmias were ventricular in nature.[@b28]

Frequent causes of complaints are supra-ventricular arrhythmias such as paroxysmal and persistent atrial fibrillation as well as atrio-ventricular (AV)-node-reentrant- and atrial tachycardia. However, it is uncertain as to whether or not these atrial arrhythmias are directly associated with congenital left ventricular aneurysm or diverticulum.[@b2] Symptomatic bradycardia has not been reported in the literature available.[@b2]

5.2. Embolic events and rupture {#s5b}
-------------------------------

Only few patients in both groups presented with a history of cardio-embolic events (LVA: 5.4%; LVD: 2.9%).[@b6] However, thrombotic material inside of the anomaly was significantly more frequently described in the LVA group and might be related to the usually akinetic wall of an LVA.[@b6]

Incidence of rupture as the cause of presentation did not differ between LVA and LVD patients (4% and 4.2%).[@b6] Rupture in general appears to be a problem of the younger age groups as the median age at the time of rupture was in the perinatal period (LVA) and in the first 2 years of life (LVD), respectively.[@b6],[@b29] The underlying mechanism of LVD rupture might be an excessive increase in systolic pressure within the diverticulum leading to rupture of the wall. Lowe, *et al*.[@b30] recorded in simultaneous measurements a systolic pressure in a LVD up to twice as high as compared to the systemic circulation. This might be a result of a slight delay between begin of contraction of the left ventricle and of the LVD.[@b30]

5.3. Congestive heart failure and various symptoms {#s5c}
--------------------------------------------------

A history of congestive heart failure (CHF) was noted in 21.5% of the LVA patients compared to only 6.8% of the LVD patients (*P* \< 0.001).[@b6] In children this is usually the result of volume overload in large LVA.[@b6],[@b29] In older age groups CHF was frequently associated with incompetence of the aortic or mitral valve secondary to distortion of the valve annulus by a sub-aortic or sub-mitral LVA or LVD.[@b5],[@b6],[@b31],[@b32],[@b33] Complaints of typical angina or atypical chest pain were described more frequently in the LVD group (16.6%).[@b6] Direct compression of a coronary artery causing angina pectoris was exclusively described in LVA patients.[@b6],[@b34],[@b35] Endocarditis at the neck of a LVD was reported in only 0.9% with no such case among LVA patients.[@b6]

6. Differential diagnoses {#s6}
=========================

Most of the left ventricular aneurysms are acquired aneurysms forming after an acute myocardial infarction with systolic bulging of the scarred myocardium; false aneurysms (or pseudoaneurysms) resulting from healed myocardial free-wall rupture after myocardial infarction are rare. Acquired aneurysms are very difficult to distinguish from congenital left ventricular aneurysms without knowledge of the past history and the coronary angiogram. Non-cardiac or systemic diseases include sarcoidosis,[@b36] connective tissue disease,[@b37] Chagas disease,[@b38] tuberculosis,[@b39] Kawasaki disease,[@b40] Becet\'s disease,[@b41] human immunodefiency virus infection,[@b42] or traumatic causes.[@b43] LV aneurysms may also result from idiopathic or viral myocarditis. Among 353 patients with a histological diagnosis of myocarditis, 12 patients (3%) had single and multiple left ventricular aneurysms.[@b44] Cardiomyopathies also have to be excluded, since a arrhythmogenic right ventricular dysplasia can occasionally spread to the left ventricle,[@b45] and apical left ventricular aneurysms have also been described in hypertrophic obstructive cardiomyopathy.[@b46] Rarely, left ventricular aneurysms were associated with mucopolysaccharidosis Type VI (Maroteux-Lamy-Syndrom),[@b47] alpha-1-antitrypsin defiency,[@b48] glycogen storage diseases,[@b49] or hyperimmunoglobulin E syndrome.[@b50] Myocardial clefts are congenital abnormalities related to myocardial fiber or fascicle disarray and have been described in healthy volunteers.[@b51] Off note, Dor reported about his experimental studies in the chicken embryo where LVD could be induced by an amniotic band or pericardial hole,[@b52] and partial pericardial defects might result in LVA/LVD formation.[@b53]

6.1. Diagnostic studies {#s6a}
-----------------------

### 6.1.1. Laboratory tests and genetics {#s6a1}

There are no specific laboratory tests available for the diagnosis of congenital left ventricular aneurysms and diverticula.[@b2],[@b6] Genetic testing was performed only in a minority of 15 individuals and revealed Trisomy 13 in one LVA patient,[@b54] clinical presentation of two other LVA patients and their relatives suggested an autosomal-dominant inheritance pattern.[@b55] Trisomy 18 was described in one LVD patient.[@b56] The remaining 10 genetic analyses were unremarkable.[@b6]

6.2. Imaging {#s6b}
------------

### 6.2.1. Electrocardiogram {#s6b1}

Typical or even pathognomonic ECG alterations are not known.[@b2] The prevalence of 1^st^ degree atrio-ventricular-block, bundle branch block, and intraventricular conduction delay is high.[@b23],[@b28] However, England, *et al*.[@b22] demonstrated that TNNT2 gene knockout during heart development alters TBX3 gene expression, a marker of the developing conduction system. This might be an explanation for the high prevalence of ECG alterations in LVA/LVD patients.[@b23],[@b28] Several ECG-abnormalities were more frequently encountered in patients diagnosed with LVA or LVD.[@b23] These "specific" ECG-abnormalities included (1) repolarization pattern with inverted T wave \> 2 mm in \> 2 leads, (2) repolarization patterns with either flat, minimally inverted, or particularly tall (\> 15 mm) T waves in \> 2 leads, (3) Q waves 2 to 3 mm in depth and present in \> 2 leads, (4) abnormal R progression in the anterior pre-cordial leads, (5) atrial fibrillation, (6) right bundle branch block (RSR pattern, QRS \> 120 ms in V1 and V2), (7) early repolarization pattern (ST-elevation \> 2 mm in \> 2 leads), and (8) increased PR interval duration (\> 0.20 s). In patients with LVA or LVD these ECG alterations are of prognostic importance, as the incidence of clinical events during a median follow-up period of 50 months was significantly higher compared to individuals with diagnosis of LVA/LVD and "non-specific" ECG patterns.[@b24] Recently, fetal magneto-cardiography has been proposed as an replacement for fetal ECG, providing better signal quality and information about ventricular ectopy, arrhythmic response to fetal movement, presence of ST/T-wave abnormalities, and atrial amplitude increase in fetal LVA/LVD patients.[@b57]

### 6.2.2. Chest Radiography {#s6b2}

Depending on the size of the LVA/LVD alterations of the cardiac silhouette can occasionally be observed on chest x-ray.[@b6] These changes include deviation of the heart to the right (exclusively described in LVD patients),[@b6] cardiomegaly or localized opacifications/calcifications which was more frequently observed in LVA patients.[@b6],[@b35] Due to the relative size of the aneurysm/diverticulum compared to the left ventricle, unusual cardiac silhouettes are more frequent in described children.[@b2]

### 6.2.3. Echocardiography {#s6b3}

Transthoracic and transesophageal echocardiography, more recently also 3-dimensional echocardiography[@b58] are important tools for the diagnosis of LVA and LVD as a universally available non-invasive method. Accompanying malformations can be assessed in the same setting and quantified by (colour-) Doppler flow measuring. Real-time 3-D reconstruction allows calculation of the LVA/LVD volumes.[@b58] Contrast harmonic power Doppler imaging provides information about contractility and myocardial perfusion of LVA or LVD.[@b59]--[@b61] Tissue-Doppler, strain and strain rate echocardiography may help distinguish contractile from akinetic lesions.[@b62] However, especially in adults, small apical lesions can be missed due to difficult visualization of the left ventricular apex. ([Figure 3](#jgc-14-12-750-g003){ref-type="fig"})

![Transthoracic echocardiography.\
White arrow indicates apical diverticulum.](jgc-14-12-750-g003){#jgc-14-12-750-g003}

### 6.2.4. Radionuclide Studies {#s6b4}

Radionuclide studies using perfusion markers like technetium (^99m^Tc) -tetrofosmine and iodine (^123^I) -ß-methyl-iodophenyl-pentadecanoid (BMIPP) show the amount of active myocardium depending on the level of uptake in the wall of the LVA/LVD.[@b63] In some cases, this might be helpful to assess the risk of rupture of the aneurysm or diverticulum; however this method has not been established as a routine procedure yet. ^123^I-Metaiodbenzylguanidin - single photon emission computed tomography (MIBG-SPECT) was used in selected cases to assess the pre-synaptic cardiac noradrenaline re-uptake and the extent of distal denervation to distinguish between congenital and acquired aneurysms.[@b64] However, ^18^F-Fluorodeoxyglucose (FDG) - positron emission tomography (PET) is still the gold standard to diagnose viable myocardium.[@b2],[@b64]

### 6.2.5. Computertomography (CT) {#s6b5}

There are only few data systematically analyzing the relevance of computed tomography in the diagnosis of congenital left ventricular aneurysms and diverticula.[@b65] In several case reports, CT could demonstrate relevant anatomical details in LVA/LVD patients, using contrast enhanced multi-detector row spiral thoracic computed tomography-scans in most cases.[@b4],[@b66],[@b67] ([Figure 4](#jgc-14-12-750-g004){ref-type="fig"})

![Computed tomography: apical diverticulum.\
\*left ventricular diverticulum. LA: left atrium; LV: left ventricle.](jgc-14-12-750-g004){#jgc-14-12-750-g004}

### 6.2.6. Magnet Resonance Imaging (MRI) {#s6b6}

The relevance of MRI for diagnosing LVA or LVD still needs to be exactly defined. In selected cases, it might be important to differentiate this disorder from arrhythmogenic right ventricular dysplasia with spreading to the left ventricle due to the good visualization of fatty or fibrous infiltration of the heart muscle.[@b6],[@b7] Associated complex congenital cardiac anomalies can be visualized in an excellent fashion making MRI an adequate tool for preoperative evaluation[@b6] ([Figure 5](#jgc-14-12-750-g005){ref-type="fig"}). MR-angiography can define the extent of bidirectional flow to and from the aneurysm or diverticulum. Technical advancements like three-dimensional (3-D) whole heart sequences allow 3-D reconstruction.[@b68] Time-resolved angiography with interleaved stochastic trajectories allow for dynamic acquisition and combines physiology and morphology.[@b69] Because of its limited availability, MRI has not been established yet as a routine.[@b6]

![Magnet resonance imaging.\
\*: left ventricular diverticulum. LV: left ventricle.](jgc-14-12-750-g005){#jgc-14-12-750-g005}

### 6.2.7. Left ventricular angiography {#s6b7}

Depending on the location, the pathology can be seen in right-anterior-oblique (RAO) or left-anterior-oblique (LAO) projections. Contrast left ventriculography discloses the typical changes of a more or less contracting aneurysm or diverticulum with a small or wide communication with the left ventricle ([Figure 6](#jgc-14-12-750-g006){ref-type="fig"}).[@b2] Due to contrast enhancement, a diverticulum can be clearly distinguished from pericardial tumors. Using standard projections, small LVA/LVD can be missed since location might be atypical or diverticula can be partially or completely filled with thrombus.[@b2],[@b6] Direct puncture and injection of contrast media into a diverticulum pulsating through the abdominal wall for simultaneous pressure measurements has been described in the literature,[@b30],[@b70] but should be clearly avoided.

![Left ventricular angiography.\
(A): apical diverticulum; (B): postero-basal aneurysm; (C): postero-basal diverticulum; (D): diaphragmatic aneurysm.](jgc-14-12-750-g006){#jgc-14-12-750-g006}

### 6.2.8. Electrophysiological studies {#s6b8}

Electrophysiological studies (EPS) were performed only in a minority of all published LVA/LVD patients (10.5% and 5.7%, respectively).[@b6],[@b28] A series of 32 LVA/LVD patients with a history of VT, survived SCD, and/or syncope of whom 12 underwent EPS demonstrated VT morphologies corresponding to the anatomical location of the LVA/ LVD in 77.8%.[@b28] Endocardial activation sequence mapping demonstrated the origin of the VT at the LVA/LVD in 66.7%.[@b28] Ten patients with preoperative inducible VT underwent after aneurysmectomy or resection of the LVD a second EPS demonstrating no inducible VT in all cases ([Figure 7](#jgc-14-12-750-g007){ref-type="fig"}).[@b71]--[@b73]

![Electrophysiological study.\
Voltage map during an ablation (red dots) of an apical aneurysm (gray area).](jgc-14-12-750-g007){#jgc-14-12-750-g007}

6.3. Histology {#s6c}
--------------

Histological examinations of resected LVD demonstrate the presence of all layers of the ventricular wall in 87.5% of the cases.[@b6] Coronary artery migration and preservation of myocardial architecture was described in almost all LVD cases, although in several cases the myofibres were partly replaced by spindle and stellate cells.[@b6],[@b74],[@b75] In 12.5% of LVD patients a thin walled LVD with fibrous tissue and a thick/fibrotic pericardium was described.[@b6] Depending on its location, blood supply of a diverticulum is derived from the right or left coronary artery or both, with a normal venous return[@b74],[@b76]--[@b78]. However, atypical blood supply is also mentioned in the literature (e.g. a LVD with blood supply by left internal mammary artery and inferior epigastric artery).[@b79] The wall of LVA mostly (--90%) show connective tissue with reticulin fibers (Masson staining) and only few disorganized muscular fibers with various degrees of vacuolization.[@b2],[@b6],[@b80] In the remaining LVA patients the wall of the lesion showed no microscopic features distinct from the left ventricular myocardium.[@b6] Vacuolization was described in 3.6%, calcifications in 8.9%, and giant cells in 3.6% of the LVA patients.[@b6] The internal surface is covered by simple endothelium (CD 31- and CD 34-staining) ([Figure 8](#jgc-14-12-750-g008){ref-type="fig"}).[@b2],[@b74],[@b81],[@b82]

![Histological section of a congenital left ventricular diverticulum.](jgc-14-12-750-g008){#jgc-14-12-750-g008}

7. Management {#s7}
=============

There are no specific guidelines for management of LVA/LVD. Therefore, treatment modalities are determined by the clinical presentation and findings of the individual patient. The surgical technique depends on the type and extension of the diverticulum/aneurysm and is determined by a resection of the diverticulum or aneurysm usually under cardio-pulmonary bypass, although approximately 30% can be resected without extra-corporal circulation.[@b6],[@b83] Surgical treatment of LVA patients included in approximately three quarters aneurysmectomy alone[@b6] or combined with correction of accompanying congenital heart defects in 18.1%; only few LVA patients underwent ASD or VSD closure, or repair of coarctation without resection of the LVA.[@b6]

Isolated repair of LVD was less frequently performed (51.9%), mainly due to the higher prevalence of accompanying congenital defects in this group.[@b6] In the majority (--70%) isolated repair was performed by direct suturing of the LVD orifice, usually when the connection to the LV was small;[@b6] in the remaining LVD patients undergoing isolated repair the connection to the LV was larger than ≥ 2 cm and resection with patch closure was performed (pericardial, Dacron or polytetrafluoroethylene patches were used).[@b2],[@b6] LVD repair plus simultaneous correction of accompanying congenital heart defects was performed in 45.3% individuals.[@b6] Apical LVD was used in a case report as an entry for transapical aortic valve replacement and was closed by direct suture at the end of the procedure.[@b84] Only few patients underwent repair of their congenital cardiac defect only without resection of the LVD (one mitral valve reconstruction, one correction of a sub-aortic stenosis, and one VSD closure).[@b6] One patient with a LVD localized in the left ventricular outflow tract underwent transcatheter closure with an Amplatzer duct occluder.[@b85]

The perioperative risk under extra-corporal circulation is low for patients without other associated cardiac defects and might be less than 2%.[@b2],[@b83] Simultaneous correction of coexisting congenital or acquired cardiac anomalies increases the risk of perioperative morbidity and mortality.[@b2] Emergency operations with complex cardiac anatomy in the neonatal period can have mortality up to 50%.[@b2],[@b86] The perioperative mortality in 231 operated LVA and LVD cases was 15.3% and 7%, respectively.[@b6]

A non-surgical strategy with careful follow-up has been chosen in many case reports[@b56],[@b60],[@b87]--[@b96] and is supported by a series of 16 patients.[@b7] In this series, an uneventful course could be demonstrated in 94% of the patients over a period up to 127 months (mean 61 months), with an event rate of approximately 1.2% per year. No cardiac death was seen during the follow-up. In a series of 12 neonatal/juvenile patients[@b56] with a substantially shorter period of follow-up (mean 16 months), an event rate of 6% per year was documented, with one cardiac death due to a rupture of a diverticulum. Therefore, in this sub-population an operative therapy might be the best treatment. In patients with large hypo- or akinetic aneurysms or after systemic embolization therapeutic oral anticoagulation should be administered. Sustained VT, some of them induced by exercise,[@b24] are usually based on re-entry circuits originating from the congenital left ventricular diverticulum/aneurysm.[@b28] According to the current American College of Cardiology (ACC)/ American Heart Association (AHA) guidelines for the management of adults with congenital heart disease[@b97] affected patients with VT should preferably undergo definitive interventions (ICD implantation, VT ablation, or arrhythmia surgery) which have replaced in most centers class I- or III-antiarrhythmic drug treatment.[@b97] Radiofrequency catheter ablation alone using electro-anatomical mapping systems[@b98] should be reserved for patients slow, solitary VTs. In case of a sub-epicardial arrhythmogenic substrate, radiofrequency ablation can be performed via a non-surgical transthoracic epicardial approach.[@b98],[@b99] Occasionally, catheter-ablation or antiarrhythmic drug therapy may be a valuable adjunctive therapy in patients with high burden of ICD shocks.[@b97] Some of the patients with an implantable cardioverter defibrillator have received multiple, successful, adequate anti-tachycardia pacing and shocks during follow up.[@b6],[@b24],[@b27] Proposal of a therapeutic algorithm for adult patients with LVA/LVD is shown in [Figure 9](#jgc-14-12-750-g009){ref-type="fig"}.

![Therapeutic algorithm for adult patients with LVA or LVD.\
Abnormal ECG: strongly suggestive of cardiovascular disease, detailed criteria in.[@b24] EP: electrophysiologic; FU: follow-up; ICD: implantable cardioverter-defibrillator; LVA: left ventricular aneurysm; LVD: left ventricular diverticulum; OAK: oral anticoagulation; VT: ventricular tachycardia.](jgc-14-12-750-g009){#jgc-14-12-750-g009}

8. Prognosis {#s8}
============

Currently available data do not allow valid conclusions on morbidity and mortality of patients with congenital left ventricular aneurysm or diverticulum.[@b2] On the one hand, the numbers of patients in the literature included in studies are too low; on the other hand, the time period of follow-up varies.[@b2] The most substantial information\'s about outcome of affected individuals can be derived from a systematic analysis of more than 800 LVA/LVD published during two centuries.[@b6] Follow up duration was mean 56 months (up to 18 years) resulting in a cumulative follow-up of 1732 patient-years.[@b6] The cardiac event rate (occurrence of at least one of the following: arrhythmic events, rupture, sudden cardiac death, congestive heart failure, embolic events, syncope, and increase in size of LVA/LVD) differed with respect to the type of anomaly (LVA patients had significantly more adverse events during follow-up) and was the highest in the younger age groups.[@b6] Symptoms at the time of diagnosis and presence of several distinct ECG abnormalities (section 7.2.1) increases the incidence of adverse events during follow-up.[@b6],[@b24]

8.1. Cardiac death {#s8a}
------------------

Cardiac death was significantly more frequent in the LVA group (12.7% versus 3.8%; *P* = 0.02)[@b6] and occurred mostly in the age group below 18 years. Median age at the time of cardiac death was 0.8 years in LVA patients versus 2.5 years in LVD patients.[@b6]

8.2. Congestive heart failure {#s8b}
-----------------------------

CHF as the cause of death was also significantly more frequent in LVA patients (50% versus 0.0%; *P* = 0.01) and occurred at a median age of 6 years.[@b6],[@b29] CHF occurred usually when the LVA was already large at baseline (≥ 400 mm^2^),[@b6],[@b29] most probably due to the volume overload caused by the LVA. The load placed upon the LV by a large aneurysm can be poorly tolerated by the fetal or neonatal heart because it is characterized by a low compliance and little functional reserve compared to the adult heart.[@b100],[@b101] Furthermore, the mediastinal shift of the heart caused by a large aneurysm together with pericardial effusion in some of the cases can result in a compression of the right ventricle and affect ventricular interaction.[@b100],[@b101]

8.3. Rupture {#s8c}
------------

A higher incidence of rupture caused by the thin fibrous wall could be expected in LVAs,[@b71],[@b102],[@b103] but this is not supported by clinical data in the literature.[@b6] Rupture was significantly more frequently encountered in LVD patients and occurred only in patients younger than 8 years of age.[@b6],[@b29] The underlying mechanism of LVD rupture seems to be an excessive increase in systolic pressure within the diverticulum leading to rupture of the wall. This might be a result of a slight delay between begin of contraction of the left ventricle and of the LVD.[@b30]

8.4. Sudden cardiac death {#s8d}
-------------------------

The incidence of sudden cardiac death was similar in LVA/LVD patients.[@b6] The risk of SCD seems not to attenuate over time as some LVA/LVD patients died between the 25^th^ and 62^nd^ year of live.[@b6] However, the mean age at the time of SCD differed significantly between LVA and LVD patients (14.5 ± 8.1 years versus 50.5 ± 16.3 years.[@b6]

Changes in size of congenital left ventricular diverticula and aneurysms over time are documented primarily in pediatric cardiology.[@b29],[@b73] In a series of 16 neonatal patients,[@b56] there was a follow-up of size in nine cases (56%). The size increased progressively in two patients (13%) who had LVA with decreased contractility. However, the size decreased in two cases (13%) and did not change in five cases (31%).
